Compositional disordering of strained InGaAs quantum wells by the implantation of Au ions has been examined as a function of the incident implantation angle. Together, photoluminescence and secondary ion-mass spectrometry demonstrate that mixing at depths significantly greater than the mean-implantation range is due to the creation of point defects by ions which have channeled into the crystal. Compositional disordering effects due to the rapid thermal diffusion of Au ions was negligible.
The use of focused ion beams (FIB) in a variety of areas has increased significantly in the last few years. In particular, patterned implantation through quantum wells (QW) and subsequent annealing to produce zero and onedimensional structures by compositional disordering of the QW has been demonstrated.112 However, recent reports3-6 have shown that this effect occurs at depths significantly beyond the expected range of the ion. ' Petroff and co-workers3-' have used cathodoluminescence (CL) from GaAs QW of different thicknesses located at depths as far as 500 nm below the surface, to monitor the implantation effects of 50-150 keV Ga -t ions (predicted mean range, Rp 5 60 nm; range straggling, AR, nm) . This study demonstrated, by measuring the energy shift and the overall intensity of the luminescence, that changes occurred 500 nm below the surface. A number of possibilities were discussed,3'4 with ion channeling being chosen as the likely mechanism.5 Indeed, one supplier of FIB equipment has considered channeling as a potential problem,s and offers the option of doing the implantations at an angle to the surface normal.
Somewhat surprisingly, there has been resistance to the idea that ion channeling is the mechanism responsible for deep disordering. To clarify this issue, we have grown a GaAs test structure which contains four 3.0 nm thick, strained In,Gat -+4s QW of differing compositions (x = 10, 15, 20, 25% nominal) located at varying depths from the surface (50, 100, 250, 450 nm, respectively). The sample was capped with 15 nm of A10.3Ga0,TAs to reduce surface recombination. A second structure with the same nominal compositions and thicknesses but with the order of the QW reversed, was grown to confirm that none of the effects observed were due to the particular ordering. The samples were grown by solid-source molecular-beam epitaxy using Ga, In, Al, and As& GaAs and AlGaAs were grown at 605 "C! at a growth rate of 0.7 pm h-', while the "Permanent address: Department of Physics, University of Ottawa, Ottawa, Ontario KlN 6N5, Canada.
InGaAs was grown after the substrate temperature was ramped rapidly to 565 "C. Two different implantation facilities were used in this study. First, a JIBL-104 ultrahigh vacuum FIB was used to implant uniform areas (250 x 250 pm) with 100 keV Au ' ions obtained from a Au-Be-Si source. A current of 14 pA with a beam diameter of -70 nm was used to implant doses ranging from 3 X 1012 to 6 X 1013 ions/cm2. The geometry of the target stage and ion column is such that the implantation direction is normal to the epilayer surface (nominally a 0" alignment angle). Second, on pieces from the same wafer, 250 keV Auf ions from a 1.7 MV Tandetron were implanted using a five-axis target stage, which permits precise orientation of the substrate with respect to the trajectory of the Au ions. The orientation of the epilayer was determined by measuring the Rutherford backscattering yield of 1 MeV He ions from a different area of the same sample9 as a function of tilt and the azimuthal angle. Implantations were done with the Au beam parallel to the surface normal (nominal O", similar to the FIB implant), at 4" and 12" to the surface normal, and into the aligned (100) axis. Finally, an implantation was also done through a 20 nm S&N4 cap at the nominal angle of 0". The samples were rapid thermally annealed (RTA) at 850 "C for 60 s in a N2 atmosphere, using a Heatpulse 410 RTA to initiate the compositional disordering of the QW and remove nonradiative recombination sites. The sample surfaces were protected during annealing by placing a second, larger piece of GaAs on top of them.
The obvious advantage of implanting Au + ions into GaAs (instead of Ga + ionsss5) is that the depth distribution of ions for the different alignments can be obtained directly by secondary ion mass spectrometry (SIMS). In this case, a Cameca IMS-4f ion microprobe was used with 10 keV Cs+ ions ( 14.5 keV net-impact energy) for sputtering, while t"Au negative ions were detected. We have used photoluminescence (PL), using a He-Ne laser source with the sample held at 4 K, to monitor the changes in composition and width of the QW. The resolution of the system was better than 0.1 meV, more than sufficient to measure the energy shifts of the QW luminescence. In addition, implanted areas were compared to as-grown areas on either side to avoid problems due to possible inhomogeneity or defects. Figure 1 shows the depth distribution of the 100 keV Au ions (expected R,,-27 nm, AR,-10 nm)as implanted using the FIB at a nominal angle of 0". Immediately obvious is the long tail of the distribution which extends through the third QW (at a depth of 250 nm) with a small fraction reaching the fourth QW (depth 450 nm) . This is a distance twenty times the predicted Rp of 27 nm. Also noteworthy is that the shape and number of ions in the tail is essentially independent of the dose for the two doses shown [ Fig. 1 (a) is 5.5 x lOi ions/cm'; Fig. 1 (b) is 1.1 x lOi ions/cm']. This effect can be understood in terms of channeling." Even for a 'perfectly' aligned beam, there is a substantial amount of dechanneling of the Au ions in the near-surface region. As the implantation proceeds, the damage created by the dechanneled ions increases the dechanneling rate until no further ions are channeled deep into the bulk. This self-limiting process leads to a saturation of the damage created at greater depths, and therefore, to a saturation in the shift of luminescence, as observed previously.5
As can be seen in Fig. 2(a) , the general shape of the distribution of the 250 keV Au ions (expected Rp-5 1 nm; AR,-18 nmj implanted with the crystal aligned along the normal (100) channel 2(a), is similar to that of Fig. 1 , with the mean range and the depth of penetration of the channeled ions shifted to greater depths because of the higher energy (250 vs 100 keV). Note, there is no evidence in these SIMS profiles of an increased yield of the Au negative ions due to matrix effects in either the InGaAs layers or the Si-doped substrate (0.9 ym). The intensities of the luminescence from the QW were greatly reduced, but not shifted in energy. Upon annealing, the situation changes drastically, as can be seen in Fig. 2(b) . First, Au has diffused throughout the entire epilayer into the substrate. The sudden increase in Au concentration observed at the epilayer/substrate interface (0.9 pm) is due to a change in the diffusion mechanism. This feature allows us to estimate that over one--third of the original implant has diffused into the substrate after only a 60 S anneal. Second, Au has accumulated in all four InGaAs QW. We were not able to obtain any significant luminescence intensity from the first two QW {foi any implant discussed herej because of either complete disordering, and/or incomplete removal of nonradiative sites. Energy shifts in the PL were now observed from the third and fourth QW after annealing, indicative of changes in the composition and width (Table I) . As observed previously,3 the energy shifts.saturated after the 60 s annealing. The intensity was comparable to the pre-implanted levels. The question remaining at this point is, was the compositional disordering caused (enhanced) by the point defects created by the implantation of the Au ions, or was it simply due to the rapid thermal diffusion of the Au through the QW?
Comparing the depth distributions, after annealing, of the 4" off-normal implant and the aligned (100) extent of rapid-thermal diffusion is similar in both cases. This is evidenced by the comparable Au distributions at depths > 0.9 pm. Table I shows, however, that the energy shifts observed in the third and fourth QW are a strong function of the incident-implant angle, demonstrating that this rapid-thermal diffusion cannot be responsible for the observed disordering effects. As discussed previously, a change of the alignment angle between the Au-implantation beam and the crystal orientation drastically affects the depth distribution of the implanted ions. In Figs. 3 (a) and 3 (b), we observe significant differences in the amount of Au which has accumulated in the QW. For the q implant, the accumulation of Au and the shift in the PL energy in the fourth QW (Table I) is much smalIer than that in the (100) implant. This result is consistent with the significantly reduced number of Au ions which reached the fourth QW during the original implantation at C (i.e., reduction of channeling) .I0 This resulted in fewer point defects being created in the vicinity of this QW and, subsequently, in less disordering upon annealing. The third QW of the 4" implant also shows the same trend (a reduced energy shift and Au accumulation) when compared to that of the (100) implant, but the differences are not as great. This again demonstrates that the amount of disorder depends on the amount of damage created by the original implant. As expected, these same observations were magnified for the 12" off-normal implant. Similar effects were observed for the sample with the order of QW reversed. The channeling process should also be suppressed by implantation through an amorphous layer." For the implant through the 20 nm S&N4 cap, the effects observed by either SIMS or PL are larger than a simple 20 nm shift of the 0" data. Significantly fewer ions channeled (due to the multiple scattering which occurs in the cap layer), with no accumulation of Au in the fourth QW (i.e., no disordering), and little in the third QW. Again, these results are consistent with the PL, which shows no change in the fourth QW, and very little in the third QW. As expected, the first and second QW were completely disordered.
We have clearly demonstrated that channeling effects5 must be taken into account in FIB implantation. Compositional disordering of the QW occurs only if implanted Au ions reach the layer during the implantation to create a reservoir of point defects. The disordering is loot due to thermally diffusing Au.
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